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Abstract

Bioorthogonal activation of pro-dyes and prodrugs using transition metal catalysts (TMCs)
provides a promising strategy for imaging and therapeutic applications. TMCs can be loaded into
polymeric nanoparticles through hydrophobic encapsulation to generate polymeric nanocatalysts
with enhanced solubility and stability. However, biomedical use of these nanostructures faces
challenges due to unwanted tissue accumulation of non-biodegradable nanomaterials and
cytotoxicity of heavy metal catalysts. We report here the creation of fully biodegradable
nanocatalysts based on an engineered FDA-approved polymer and the naturally existing

catalyst hemin. Stable nanocatalysts were generated through kinetic stabilization using flash
nanoprecipitation (FNP). The therapeutic potential of these nanocatalysts was demonstrated
through effective treatment of bacterial biofilms through the bioorthogonal activation of a pro-
antibiotic.
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INTRODUCTION

Bioorthogonal chemistry represents a class of chemical reactions that are ortogonal to
biological transformation, and can take place selectively in biological environments without
interfering with endogenous processes.1~® Transition metal catalysts (TMCs) are valuable
tools for bioorthogonal catalysis, rapidly catalyzing transformations that cannot be achieved
by natural enzymes.’~11 The unmasking reactions of prodrugs mediated by TMCs offer a
useful approach for sustained and localized drug generation at the therapeutic site,12-14 with
the potential for efficient treatments with reduced off-target effects.1>17 The incorporation
of TMCs into inorganic nanoparticles enhances solubility and stability of the free catalyst,
generating bioorthogonal nanocatalysts that can perform new-to-nature catalysis in living
environments.18 .19

Nanocatalysts protect the catalyst offering a versatile platform to operate in natural systems
such as tissues, bacterial biofilms and cells.20-24 Different nanomaterials have been used to
create nanocatalysts,222% including polymers27:28 gold nanoparticles?-30 and mesoporous
silica.31:32 However, the applicability of non-biodegradable scaffolds is limited due to the
accumulation of nanomaterial in tissues, resulting in chronic inflammatory conditions.33-3%
Moreover, current nanocatalyst platforms rely heavily on the use of heavy metal catalysts
such as ruthenium, palladium, and copper, whose possible long-term side effects include
hepato-, geno-, and neurotoxicity.36:37

In this study, we modified a bioresorbable polylactic-acid (PLA) scaffold to encapsulate
TMC:s for efficient bioorthogonal catalysis in complex biological environments. PLA is
an FDA-approved generally recognized as safe (GRAS) polymer that is fully degraded
to lactic acid, a natural metabolite of living systems.38 PLA isolates and protects the
catalyst, mimicking the function of the polypeptide backbone of metalloproteins. Hemin
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is an iron-containing porphyrin present in the hemoglobin of human blood, and was chosen
as the TMC due to its high catalytic activity, biodegradability and biocompatibility.3° The
incorporation of hemin into biodegradable PLA provides a highly biocompatible platform,
minimizing the possible nanomaterial accumulation in the body.4°

Hemin and PLA provide compelling modules for polymeric nanocatalyst design.
Incorporation of hemin into hydrophobic PLA polymers is challenging due to the presence
of carboxylic moieties on the hemin structure that reduce the hydrophobicity of the
porphyrin. Flash nanoprecipitation (FNP) is a versatile nanoparticle production tool that
uses rapid micro-mixing to create high supersaturation conditions leading to high solute
encapsulation efficiency in polymer-based delivery vehicles.*1 We report here the efficient
and reproducible generation of PLA-hemin nanocatalysts using FNP. PLA backbones were
synthesized with both hydrophobic and hydrophilic segments, as required for FNP.42 During
FNP, the hydrophobic segments encapsulate solute particles and inhibit their growth, while
the hydrophilic segments provide steric stabilization and aqueous stability. The generation
of these polymeric nanocatalysts?® particles was confirmed by dynamic light scattering
(DLS) and transmission electron microscopy (TEM). Compared to nanocatalysts generated
through conventional precipitation methods,28 the nanocatalysts prepared by FNP were
more stable and have notably higher catalyst loading and enhanced catalytic activity. The
degradability of the nanocatalysts was demonstrated by incubating in proteinase-K, with
degradation studied by NMR. In living systems, there are several different proteases that
can hydrolyze the ester groups of PLA-based polymers.43 Therefore, we used the ester
hydrolyzing enzyme proteinase-K to show the degradation of our PLA-based nanocatalyst.4
The degradation products of PLA are lactic acid and corresponding oligomers. Lactic acid
is a normal intermediate of carbohydrate metabolism and can be readily metabolized,
eliminating toxicity from this degradation product.#> The ability of the nanocatalyst to
perform bioorthogonal reactions /n vitro was first demonstrated with the activation of a
pro-dye in bacterial biofilms. The therapeutic potential of these nanocatalysts was then
demonstrated through effective treatment of bacterial biofilms by the activation of a pro-
antibiotic. The nanocatalyst was eventually tested against mammalian cells, demonstrating
the low toxicity of the modified PLA backbone.

RESULTS AND DISCUSSION

2.1 Design and synthesis of the biodegradable nanocatalyst.

The nanocatalysts were generated by encapsulating catalyst molecules into an amphiphilic
biodegradable polymer scaffold. Hemin, an endogenously produced porphyrin, was used as
the biocompatible TMC.4647 Fe-porphyrins efficiently catalyze the reduction of aryl azides
to the corresponding amines in the presence of thiols,*8 providing an effective bioorthogonal
reaction for the activation of pro-dyes and prodrugs.4®-°0 In this catalytic cycle, we used
cysteine and ascorbate as cofactors to convert the intermediate Fe!V-nitrene to the reduced
amine.5!

The PLA polymer backbone was engineered with sidechains featuring three essential
components: (i) an alkyl chain to provide a hydrophobic inner shell to encapsulate TMCs,
(ii) a tetra(ethylene glycol) segment as a spacer to enhance colloidal stability, (iii) a cationic
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terminal group to maintain water solubility and facilitate interactions with negatively
charged bacterial biofilms (Figure 1).52-54

The nanocatalysts were prepared by FNP,%° a scalable process that uses fast mixing
conditions to produce a high supersaturation state that stabilizes insoluble, low molecular
weight compounds into nanosized polymer particles.®® In this process, the hydrophobic
segment of the sidechains interacts strongly with the lipophilic catalyst, resulting in high
adsorption and encapsulation of catalyst molecules.

2.2 Comparison between traditional nanoprecipitation process and FNP approach.

We first compared nanocatalysts fabricated by traditional nanoprecipitation (NC_NP) and
those generated by FNP (NC_FNP) for their size, catalyst loading, particle stability, and
catalytic activity. FNP-generated NC_FNP showed a smaller particle size and narrower size
distribution than NC_NP, according to DLS measurements (Figure 2a). FNP provided higher
catalyst loading as well, with NC_FNP having a two-fold higher hemin loading than NC_NP
(0.10 £ 0.01 and 0.05 £ 0.01 mg catalyst/mg polymer respectively, Figure 2b). The stability
of nanocatalysts was defined through changes in size as measured by DLS (Figure 2c).
NC_NP presented poor stability with the particle average size increasing from 170 nm to >
600 nm in 8 days. In contrast, NC_FNP was stable, with no observable size change observed
for over 30 days.

The catalytic activity of nanocatalysts was quantified through the activation of a rhodamine-
based pro-dye (pro-rhodamine) in PBS solution. The pro-dye (Figure 2d) was prepared

by converting the commercially available fluorophore rhodamine 110 to a non-fluorescent
bis-azido compound through a reported procedure.? The catalytic reduction of both azido
groups to their corresponding amines released rhodamine molecules, thus enabling a
fluorescence readout of the catalytic activity.

The activation of the pro-rhodamine by the nanocatalyst follows a standard Michaelis—
Menten kinetic model (Figure S10), and was measured by mixing nanocatalyst (0.19 mg/mL
in PBS), cofactors (ImM L-cysteine and 1mM ascorbate), and pro-dye (12 uM) (Figure

2d). The nanocatalyst produced through FNP (NC_FNP) demonstrated significantly higher
catalytic activity on a per-nanocatalyst basis as compared to the standard NC_NP. This
increased catalytic activity is arises in part due to the increased catalyst loading afforded by
FNP (Figure 2b). Taken together, FNP provides smaller nanocatalyst size, higher catalyst
loading, higher stability, and enhanced catalytic activity relative to nanocatalysts produced
through traditional nanoprecipitation.

2.3 Biodegradability of the nanocatalyst.

The biodegradability of NC_FNP was investigated in the presence of proteinase-K, a
PLA-degrading enzyme.>"%8 The experiments were performed adopting a physiologically
significant enzyme concentration and following a reported protocol.>%:66 The polymer
was dissolved in deuterated PBS and incubated with proteinase-K (6.9 pM) at 37 °C for
two days, monitoring the structure by 1H NMR (Figure 3a). The signals at 1.25 ppm
correspond to the protons on methyl groups of the PLA backbone, and were diagnostic
for the degradation of the structure during the incubation. Substantial sharpening of
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these proton signals indicated the formation of smaller molecular weight fragments that

can rotate freely in solution, including lactic acid monomers and oligomers (Figure

3b). Nanocatalyst biodegradability was studied by incubating NC_FNP (~0.2 mg/mL) in
presence of proteinase-K (6.9 uM) at 37 °C in PBS buffer. As expected, the degradation of
the PLA scaffold was accompanied by precipitation of the encapsulated hemin (Figure 3c).
The catalytic activity of the degraded nanocatalyst was found to be negligible, as anticipated
by the precipitation of the free catalyst in aqueous solution (Figure S13)

2.4 Bioorthogonal activation of a pro-dye in bacterial biofilms.

We investigated the bioorthogonality of nanocatalyst activity in bacterial biofilms through
the /n situ activation of pro-rhodamine. The nanocatalyst (0.19 mg/mL) was incubated with
2-day old DsRed-expressing £. colibiofilm for 2 h at 37 °C to allow for the internalization
of the nanomaterial. The biofilm was then washed three times with PBS followed by

the treatment with pro-rhodamine (50 uM) and cofactors (1 mM L-cysteine and 1 mM
ascorbate) for 2h to allow for the bioorthogonal pro-dye activation. As a negative control,
biofilms were treated with the pro-dye only.

As shown in Figure 4, pro-rhodamine was activated in biofilms in the presence of
nanocatalysts and displayed bright fluorescence. Conversely, a minimal amount of
fluorescence was observed in the biofilm treated solely with pro-dye, confirming that the red
fluorescence was solely derived from the uncaging of the pro-dye by the nanocatalyst. The
colocalization of the fluorophore and DsRed-expressing £. coli biofilms was observed in the
merged channels, indicating the rhodamine distribution throughout the biofilm.

2.5 Bioorthogonal treatment of pathogenic bacterial biofilm.

The therapeutic potential of the NC_FNP was then tested against bacterial biofilms. We
carried out the prodrug activation in bacterial biofilms to demonstrate the therapeutic
importance of NC_FNP. Ciprofloxacin (Cip), a fluoroguinolone, was chosen as the
antimicrobial agent owing to its high therapeutic efficacy and broad-spectrum activity.5°
The prodrug (pro-Cip) was synthesized through a reported procedure?8 by blocking the
pharmacophore, the secondary amino group, with a bulky aryl-azido carbamate moiety.
This modification prevented the binding between Cip and its two target enzymes, DNA
gyrase and topoisomerase 1V,%1 resulting in the reduction of antimicrobial activity by
more than 100-fold (Figure S14). Nanocatalysts uncaged the prodrug through the reduction
of the aryl azide to its respective amine in the presence of the cofactors (cysteine and
ascorbate), triggering the degradation of the benzyl carbamate®2:63.64 and releasing the
active antimicrobial agent /n situ (Figure 5a).

E. coli (CD-2) 2-day old biofilms were treated with the nanocatalyst (0.19 mg/mL) at 37

°C for 2h, to allow sufficient internalization of nanocatalysts within the biofilm. The culture
media was then removed, followed by washing three times with PBS. Next, biofilms were
treated with different concentrations of pro-Cip, in presence of cofactors (1 mM L-cysteine
and 1 mM ascorbate) and incubated for 6h to allow bioorthogonal prodrug activation.
Biofilms treated with Cip were used as positive controls, while those incubated with prodrug
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only or prodrug and polymer were used as negative controls. Controls with no treatment and
with nanocatalyst only, were also performed (Figure 5b).

Biofilm viability was analyzed using an Alamar Blue assay (Figure 5b). Biofilms treated
with both the nanocatalyst and prodrug demonstrated dose-dependent bactericidal activity,
essentially identical to the antibiotic alone. The complete restoration of antimicrobial
activity indicates that no other reactions consume the prodrug other than bioorthogonal
catalytic conversion. In contrast, biofilms incubated with pro-Cip alone or the combination
of pro-Cip and polymer demonstrated no significant bacterial toxicity. Results of control
groups demonstrated that bioorthogonal catalystsin the polymer nanocatalysts were
responsible for the prodrug activation (Figure 5b).

2.5 Cytotoxicity Assessment of Nanocatalyst with Mammalian Fibroblast Cells.

Having investigated the antimicrobial activity of NC_FNP, we next evaluated its
biocompatibility in the presence of mammalian cells. Mammalian NIH 3T3 (ATCC
CRL-1658) fibroblast cells were treated with various concentrations of the nanocatalysts
for 24 h and the cell viability (%) was then quantified by Alamar Blue assay. As shown

in Figure 6, no significant change in fibroblast fibroblasts viability was observed at the
nanocatalyst concentrations employed for antimicrobial activity. Cell viability experiments
were also performed on the degradation products of the nanocatalyst (after incubation with
proteinase-k) to exclude any possible side toxicity of the released monomers (Figure S12).

CONCLUSION

In summary a biodegradable nanocatalyst for the treatment of bacterial biofilms was
generated utilizing an engineered PLA polymer scaffold to encapsulate hemin through
FNP. The nanocatalysts fabricated by FNP had smaller sizes and narrower size distributions
than those produced by conventional precipitation techniques. Significantly, FNP provided
higher catalyst loading capacity with concomitantly higher catalytic activity as compared
to nanocatalysts produced through standard precipitation. Nanocatalysts were stable in
solution but readily degradable by enzymes. The nanocatalyst effectively activated pro-
dyes and prodrugs bioorthogonally, showing high antimicrobial activity within biofilms

at concentrations harmless to mammalian cells. Overall, this biodegradable nanocatalyst
provides a platform for bioorthogonal antimicrobial therapies, with broad potential for other
biomedical applications.

EXPERIMENTAL SECTION

Synthesis of polymers.

The PLA-based polymer was synthesized following a reported procedure®:66 from

the comonomers of lactide and furan-protected maleimide-functionalized carbonate,
through ring opening polymerization. Maleimide groups were then deprotected and post-
functionalized with thioalkyl tetra(ethyleneglycol) trimethylammonium.®7 The resulting
polymer was water soluble, characterized by nuclear magnetic resonance (*H-NMR of
polymers in Figures S1-S2).
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Nanocatalyst fabrication.

For the FNP preparations the PLA-based polymer and the catalysts solutions were mixed in
the FNP chamber (scheme in Figure 1). Briefly, each mixer inlet was connected to a 1 mL
of all-plastic syringe. For mixing, 0.6 mL of 1 mg/mL hemin dissolved in tetrahydrofuran
(THF) was loaded in one syringe while 0.6 mL of 1 mg/mL polymer dissolved in water was
loaded in another. Next, the two streams were manually impinged at a high velocity inside
the mixer chamber. The outlet of the mixer was connected to a vial containing 5 mL of H,O
to further dilute the nanoparticles. The nanocatalyst solution appeared as a yellow-green
solution and was subsequently centrifuged 5 times (Amicon® filter, MWCO 10 kDa) to
remove any unbound catalyst. The nanocatalyst was characterized by DLS, TEM and zeta
potential (Figures S3-S5 respectively). Data confirmed the formation of a stable cationic
nanocatalyst (size: ~13 nm, zeta potential: +15 mV). The amount of hemin encapsulated into
the polymer nanoparticles (0.10 + 0.01 mg/mg polymer) was measured by UV-vis (Figure
S9).

Evaluation of the catalytic activity of nanocatalysts.

The nanocatalyst solution (0.19 mg/mL in PBS) cofactors (ImM L-cysteine and 1mM
ascorbate), and pro-rhodamine (12 uM) were mixed in a 96-well black plate (final
volume: 100 pL/well). Fluorescence activation (Agx = 488 Nm, Agm = 521 NmM) was
recorded immediately after mixing the reagents with a Spectramax M2 microplate reader.
Nanocatalyst (with cofactors) and pro-rhodamine (with cofactors) were used as negative
controls.

Activation of pro-dye in bacterial biofilms.

DsRed-expressing £. colibiofilms were prepared by culturing bacteria in lysogeny broth
solution at 37 °C until they reached a stationary phase. 100 pL seeding solutions (0.1 ODgqq)
were added to microplate wells. Next, the microplates were put under static conditions for 2
days at 25 °C. The resulting biofilms were washed with PBS solution three times to remove
any adhering planktonic bacteria. Fresh media containing 0.19 mg/mL nanocatalysts was
added to the microplates at 37 °C for 2h, to allow sufficient internalization of nanocatalysts
within the biofilm. The culture media was then removed, followed by washing three times
with PBS. Next, biofilms were treated with pro-rhodamine (50 pM) and incubated for 2h to
allow for the bioorthogonal pro-dye activation. The biofilm treated with pro-rhodamine only
was used as negative control. Cofactors (ImM L-cysteine and 1mM ascorbate) were present
in all the experiments and were added at the timepoint of the pro-rhodamine administration.

Activation of prodrug in bacterial biofilms.

E. coli (CD-2) biofilms were prepared by culturing bacteria in lysogeny broth solution at 37
°C until they reached a stationary phase. 100 uL seeding solutions (0.1 ODgqq) were added
to microplate wells. Next, the microplates were put under static conditions for 2 days at

25 °C. The resulting biofilms were washed with PBS solution three times to remove any
adhering planktonic bacteria. Fresh media containing 0.19 mg/mL nanocatalyst was added to
the microplates at 37 °C for 2h, to allow sufficient internalization of the nanocatalyst within
the biofilm. The culture media was then removed, followed by washing three times with
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PBS. Next, biofilms were treated with different concentrations of prodrug and incubated
for 6h to allow bioorthogonal prodrug activation. Biofilms treated with Cip were used as
positive controls, while those incubated with prodrug only or prodrug and polymer were
used as negative controls. Nanocatalyst alone and prodrug alone were used as negative
controls while drug only was used as positive control. Cofactors (1ImM L-cysteine and
1mM ascorbate) were present in all the experiments and were added at the timepoint of
Cip/pro-Cip administration. After the incubation, Alamar Blue assay was used to determine
the viability of the treated biofilms.

Minimum biofilm inhibitory concentration (MBIC) of Cip and pro-Cip toward E. coli (CD-2).

We used an established protocol with minor modifications to test MBICs of the materials
used in the studies.8 Briefly, £. cofibacteria (CD-2) were inoculated at 37 °C in TSB broth
(2.5 mL/tube) until 0.5 McFarland standard. Then, 150 L of this solution was seeded onto
each well of a 96 well plate with pegged lid, covered and cultured in a shaker at 50 rpm

for 5h at 37 °C. Upon completion, the pegged lid was washed by transferring it onto a

plate containing 200 pL PBS for 30 secs. The lid was then introduced onto another plate
containing 200 pL of pro-Cip or Cip solution dissolved in M9 medium and incubated for 22
h at 37 °C. MBICs were measured using optical density at 600 nm (data presented in Figure
S14).

Cell viability study.

NIH 3T3 cells (10 k) were plated in a 96-well plate 24h before the experiment. Cells

were washed with PBS and incubated with fresh cell culture media containing different
concentrations of nanocatalyst (0.00-0.25 mg/mL) for 24h. Cell viability was determined by
Alamar Blue assay after the incubation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a) Structures of hemin and polymer nanoparticles. b) Schematic representation of the
nanocatalyst degradation. ¢) Schematic demonstration of the bioorthogonal activation for
therapeutics.
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b) Catalyst load in nanocatalysts
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(a) Size of the nanocatalysts measured with DLS (NC_FNP PDI 0.6; NC_NP PDI 0.7).

(b) Quantification of the hemin catalyst loaded in nanocatalysts. (c) Stability of the
nanocatalysts in PBS, as measured by DLS. (d) Catalytic activity of nanocatalysts (0.19
mg/mL in PBS) tracked by measuring the fluorescence activation of the pro-dye (Aox = 488
nm, Aem = 521 nm). Each experiment was repeated three times. For b), c), d), error bars

represent the standard deviation.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Fedeli et al. Page 15
Polymer biodegradation Nanocatalyst biodegradation

a) Deuterated PBS c) Proteinase-K

S8 °+GLZO\/E;°)§K(OIH:°);L“ oh 24 h
tK ‘K

Proteinase-K I
S
b) Deuterated PBS + Proteinase-K :

% [¢]
tmoh o~ 40X d) PBS buffer
_/\/JL /\/ﬁ; ﬁLOH
2h ¥ O Oh
4h ———/\"'/L Polymer degradation AR
- __/\_»k (signal at 1.37 ppm)

Polymer methyl groups

24 h
100 P o l
8h 5 e u
© 50 2
e e
48h 2 om . . .
e Q 048 24 48
1.50 1.351.20 pPpm time (h)
Figure 3.

Biodegradation of the polymer and nanocatalyst in the presence of proteinase-K. a)
1H-NMR spectra of the polymer. b) Degradation kinetics measured by 1H-NMR; the
quantification was obtained by integrating the normalized monomer signals over time. c), d)
Nanocatalyst incubated at 37 °C with and without proteinase-K, respectively.
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Figure 4.
Confocal microscopy images of DsRed-expressing £. coli biofilm incubated with the

nanocatalyst followed by treatment with the pro-dye (pro-rhodamine). Squares show the
top view of biofilms, while the rectangles below show the corresponding side view. Scale bar
=50 pm.
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a) Schematic representation of the activation of pro-ciprofloxacin. b) Viability of £. coli
(CD-2) biofilms incubated with the nanocatalyst (2h, 0.19 mg/mL) followed by treatment
with prodrug (6h). The data at Pro-Cip concentration = 0 represent the control experiments
without drug or prodrug; specifically, the yellow, green, and red bars represent polymer
alone, no treatment, and nanocatalyst alone respectively. *** = p value < 0.001. Each
experiment was repeated three times, error bars represent standard deviation.
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Figure®6.
Fibroblast viability after treating with nanocatalyst NC_FNP for 24 h. Each experiment was

repeated three times, error bars represent the standard deviations.
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